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IT IS WELL RECOGNIZED that diabetic cardiomyopathy, characterized by myocardial contractile dysfunction independent of coronary artery diseases (48) , is a major cause of mortality and morbidity in diabetic patients. Not as well understood is the effect of acute hyperglycemia on hearts. Up to half of the nondiabetic patients with acute myocardial infarction were shown to have high blood glucose levels when admitted to the hospital (41) , presumably a consequence of stress. This is associated with increased risk of in-hospital mortality (34) 
Acute increase in glucose level in nondiabetic subjects causes biochemical and electrophysiological changes (37) . It has been shown that hearts perfused in high-glucose medium (33.3 mmol/l) for 2 h have prolonged repolarization time (QT) interval and increased perfusion pressure, compared with those perfused with normal glucose medium (11.1 mmol/l) (7) .
Moreover, high glucose-perfused hearts showed increased apoptosis and increased superoxide and nitrotyrosine, indicating that oxidative stress is elevated within a short period of hyperglycemia (7). Acute increases in glucose level, rather than mean glucose level, are strongly correlated with oxidative stress in diabetic patients and animals (7, 39) . It has been shown that acute glucose swings and not the mean daily glucose concentration are highly correlated with plasma nitrotyrosine and urinary F 2 isoprostane 8-iso prostaglandin F 2␣ , both well-established oxidative stress markers, indicating that sudden increases in glucose level contribute to oxidant formation. It was found that even in healthy subjects, oxidative stress is increased during a 2-h hyperglycemic clamp (36) . These hyperglycemic swings are likely to have deleterious effects on the heart. It has been shown that cardiomyocytes isolated from shortterm diabetic animals (4 -6 days of hyperglycemia) exhibited prolonged action potential, slower cytosolic Ca 2ϩ clearance, and mechanical relaxations (45, 50) , which were similar to the effects of a long-term diabetic model (21, 27, 33, 45) . Furthermore, studies showed that culturing normal ventricular myocytes for 1 day or 6 h in high-glucose (25.5 mM) medium prolonged relengthening time compared with those cultured in normal glucose (5.5 mM) medium (24, 46, 47) . These studies further support the previous finding which showed that elevating the extracellular glucose from 5.5 mM to 25 mM increased intracellular Ca 2ϩ concentration nearly twofold in cardiomyocytes (16) .
The polyol pathway has been shown to be a major contributor to hyperglycemia-induced oxidative stress in various tissues susceptible to diabetes-induced lesions (9) . Under normal glycemic conditions, this metabolic pathway is not very active because aldose reductase (AR; EC 1.1.1.21), the first and rate-limiting enzyme of the pathway, has very high K m for glucose. However, during hyperglycemia, AR reduces glucose to sorbitol while its cofactor NADPH is oxidized to form NADP. Sorbitol is then converted to fructose by sorbitol dehydrogenase (SDH: EC 1.1.1.14) with the concomitant reduction of NAD ϩ to NADH (51) . Decrease in the level of NADPH would lead to decreased level of reduced glutathione (GSH) because NADPH is also the cofactor for glutathione reductase that regenerates GSH from oxidized glutathione (GSSG) (28) . On the other hand, increased levels of NADH, a substrate for NADH oxidase, would increase the level of superoxide. Thus, during hyperglycemia the polyol pathway activity leads to reduced antioxidation defense and increased levels of reactive oxygen species (ROS), resulting in elevated oxidative stress. Previous findings showed that the activity of AR was elevated in the diabetic mouse heart (20) , and treatment with AR inhibitors improved the contractility of cardiac papillary muscle in diabetic rats (6) , but the mechanism is not clear. Another study showed that inhibition of AR restored the level of Sir2 and reduced the level of phosphorylated IB in the cardiac myocytes of diabetic mice (12) , but the link between these two proteins and contractile function was not understood. Here we show that the polyol pathway contributes to the acute high glucose-induced cardiac contractile dysfunction by impairing the activity of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA2), a key protein responsible for the removal of Ca 2ϩ from the sarcoplasmic reticulum (SR).
MATERIALS AND METHODS
Experimental animals. Isolated perfused heart preparation. Hearts were isolated and perfused as described previously (55, 57) . Rats were anesthetized with pentobarbital sodium (60 mg/kg ip) and given heparin (200 IU iv) before decapitation. Hearts were excised immediately and placed in ice-cold Krebs-Henseleit perfusion buffer before mounting on the Langendorff apparatus for perfusion. Isolated hearts were perfused retrogradely with Krebs-Henseleit buffer [in mmol/l: 118 NaCl (Sigma), 5 KCl, 1.2 MgSO 4, 1.2 K2PO4, 1.25 CaCl2, 25 NaHCO3, and 11.1 glucose] equilibrated with 95% O2 ϩ 5% CO2 at a constant pressure of 80 cmH2O and a temperature of 37°C. All rat hearts were paced at 300 beats/min with the use of pacing electrodes placed on the right atrium. Hearts exhibiting arrhythmias during stabilization were discarded. A latex balloon was inserted into the left ventricle, and the end-diastolic pressure (LVEDP) was adjusted to 4 -8 mmHg. The cardiac parameters, such as heart rate and left ventricular developed pressure, were monitored continuously by a PowerLab/4SD system (AD Instruments, Castle Hill, Australia). After a 15-min stabilization period, hearts were perfused with 33.3 mmol/l glucose for 2 h, and we perfused 11.1 mM glucose plus 22.2 mM mannitol as osmotic control. We found no significant change in the osmotic control compared with hearts perfused with 11.1 mM glucose, indicating that the alteration of cardiac function found in the hyperglycemic group was not due to osmotic effect. The cardiac parameters were measured continuously, but only the parameters from 105 to 120 min of high-glucose perfusion were used for analysis. This concentration of glucose has been previously determined to induce ventricular instability, oxidative stress, and apoptosis in perfused hearts (7) . To investigate the role of the polyol pathway, hearts were perfused with high glucose Krebs plus the AR inhibitor fidarestat (10 mol/l) or the SDH inhibitor CP-470,711 (1 mmol/l), niacin (10 mmol/l), or GSH (0.3 mmol/l) as indicated in the text. The dosages of inhibitors and drugs used in the present study have been demonstrated to be effective in previous studies (7, 12, 18) .
Measurement of intracellular calcium concentration transients in cardiomyocytes. Ventricular myocytes were isolated from the rat hearts by the collagenase method described previously (59) . After isolation, they were allowed to stabilize for 30 min before experiments. The yield of myocytes was determined microscopically using a hemocytometer. Preparations were considered satisfactory only if rod-shaped cells accounted for Ͼ80% of the counted cells at the beginning of each experiment. The isolated cardiomyocytes were divided into five different groups including normal concentration of glucose (11.1 mmol/l), high concentration of glucose (33.3 mmol/l), high glucose with fidarestat (10 mol/l), high glucose with CP-470,711 (1 mol/l), and high glucose with NAD ϩ (2 mmol/l) for 2 h incubation in Krebs medium containing 1.25 mM Ca 2ϩ at 37°C. NAD ϩ was used instead of niacin because in cell culture studies it is preferred over niacin (5) . All the inhibitors were added at the time when cells were transferred to high-glucose medium.
Intracellular calcium concentration ([Ca 2ϩ ]i) transients were measured using a spectrofluorometric method with fura-2 AM as the Ca 2ϩ indicator as described previously (32) . Ventricular myocytes were incubated with 5 mol/l fura-2 AM for 30 min. Fluorescent signals obtained at 340-nm and 380-nm excitation wavelengths were recorded and stored in computer for data processing and analysis. Myocytes were electrically stimulated at 0. 45 Ca 2ϩ uptake. SR vesicles were obtained by a method described previously with some modifications (53, 64) , and the ATP-dependent transport of Ca 2ϩ to SR was measured at room temperature (22°C) with a method described previously (26) . Tissue homogenates were harvested for isolation of SR protein after 2 h of high-glucose perfusion. SR protein (50 -100 g) was then added to 1 ml of a medium containing 40 mmol/l imidazole-HCl (pH 7.0), 100 mmol/l KCl, 20 mmol/l NaCl, 5 mmol/l MgCl 2, 4 mmol/l ATP-Na2, 1. (14) . To measure the oxalate-supported Ca 2ϩ uptake, 5 mmol/l K-oxalate was added to the aforementioned solution. After 2-20 min, aliquots of 0.9 ml were filtered through Millipore filters (0.45 m; Bedford, MA). Filters were washed three times with 4 ml of cold (2-4°C) solution containing 40 mmol/l imidazole-HCl (pH 7.0), 100 mmol/l KCl, and 0.1 mmol/l EGTA. After being washed, the Millipore filters were placed into vials containing 10 ml of scintillation cocktail (Universal LSC cocktail for aqueous samples, Sigma) and left for about 40 min. The radioactivity was then counted in scintillation counter (LS 6500, Beckman).
The temperature and conditions for Ca 2ϩ uptake experiments were the same as that described previously (61) . The 45 Ca 2ϩ uptake by SERCA was defined as the difference between the rate of 45 Ca 2ϩ uptake in the K-oxalate-containing solution in the presence and absence of 10 mol/l cyclopiazonic acid, a specific inhibitor of SERCA (49) . The difference between uptake in the presence and absence of 50 mol/l ryanodine, a specific blocker of ryanodine receptor (RyR), was defined as the 45 Ca 2ϩ release via the RyR. The concentration of ryanodine used in this study was based on a previous report (26) . Both 45 Ca 2ϩ uptake by SERCA and 45 Ca 2ϩ release via the RyR were measured in the isolated SR vesicles of hearts after 2 h exposure to high glucose.
Measurement of sorbitol and fructose content. High-performance liquid chromatography (HPLC) was performed to determine the levels of sorbitol and fructose in rat hearts as previously described (51) . Briefly, ϳ300 mg of frozen samples were homogenized in 1 ml of ice-cold 5% trichloroacetic acid with 5.5 l of 10 mmol/l xylitol added as an internal standard. Twenty-five microliters of sample were injected into HPLC MA-1 analytical column (Dionex) by AS-50 autosampler (Dionex), and the components in the sample were separated at a flow rate of 0.4 ml/min. The level of sorbitol and fructose content was determined by integrated amperometry, and the peaks were analyzed by Dionex Peaknet software. The amount of sorbitol and fructose was normalized to the wet weight of the tissue.
Biochemical assay for lactate and pyruvate. To determine changes in the cytosolic redox state (i.e., NADH/NAD ϩ ), parallel experiments were performed with hearts freeze-clamped after 2 h of high-glucose perfusion. Lactate and pyruvate were extracted from the freezeclamped tissue using perchloric acid and measured using standard biochemical assays as we published previously (51) .
Determination of oxidative stress. The oxidative stress was determined by the method described previously (38) . Briefly, about 100 mg of the heart tissue was minced and then incubated in 1 ml of Krebs-Ringer solution (in mmol/l: 115 NaCl, 5.9 KCl, 1.2 MgCl 2, 1.2 NaH 2PO4, 1.2 Na2SO4, 2.5 CaCl2, 25 NaHCO3, and 10 glucose) containing 0.5 mol/l lucigenin at pH 7.4. The chemiluminescence elicited by oxidative stress in the presence of lucigenin was measured in a luminometer (Berthold Lumat LB9507). The level of oxidative stress was reported as relative light units after background luminescence subtraction and normalized to milligram wet tissue weight. To validate that the chemiluminescence signals were derived from oxidative stress, the presence of 10 mmol/l Tiron, a superoxide scavenger, was added as a control.
Determination of GSH level. Approximately 100 mg of the heart tissue was minced and then homogenized in 1 ml of 6% perchloric acid. The homogenate was centrifuged at 13,000 rpm for 10 min at 4°C. The supernatant was collected and added to the solution containing 85.7 l of 70% perchloric acid, 14.3 l of double-distilled H 2O, and 107 l of 5 mol/l K2CO3, and then centrifuged at 4,000 rpm for 5 min under 4°C. After centrifugation, 100 l of supernatant was added to 890 l of Tris-EDTA (pH 8.1) and 10 l of O-pathaldialdehyde and the reaction mixture was kept on ice for 15 min. After that, the absorbance of the mixture was measured with a fluorescence spectrometer (425 nm; excitation at 345 nm). The concentration of GSH in the tissue was calculated from the GSH standard curve.
Immunohistochemistry. Paraffin sections of the hearts were deparaffinized in xylene and rehydrated with a graded series of ethanol. After washing, sections were blocked with 0.3% hydrogen peroxide for 15 min. The sections were then blocked with 1.5% normal goat serum for 1 h (Vector Laboratories). Sections were then incubated with rabbit anti-nitrotyrosine (1:200; Santa Cruz Biotechnology) overnight at 4°C. Immunoreactivity was detected with biotinylated goat anti-rabbit secondary antibodies and the avidin-biotin-peroxidase complex (Vector Laboratories). Immunoreactive signal was developed using diaminobenzidine as a substrate (Zymed Laboratories) for 2 min. Photomicrographs were taken with an Olympus IX71 microscope system. All histological and immunohistochemical samples were coded and examined and graded in a blinded fashion.
Immunohistochemical staining of ROS modification of SERCA was performed using antibodies against SERCAC674-SO3H (62). Briefly, nonspecific binding was blocked with 10% normal goat serum in phosphate-buffered saline (pH 7.4) for 30 min before incubation with individual primary antibodies. Anti-SERCA C674-SO3H antibody was used at 2 g/ml. The secondary antibody, a biotinylated anti-rabbit IgG secondary antibody, was used at 1:200. Vector Red alkaline phosphatase substrate (Vector) was used to visualize positive immunoreactivity. The quantitative analysis was performed by ImageJ software [Wayne Rasband, National Institutes of Health (NIH), Bethesda, MD].
Immunoblotting assay. The expression of SERCA and RyR was detected in the isolated SR vesicles as described previously (32) . Sample proteins (60 g/lane) were separated in SDS-polyacrylamide gel (10% for SERCA; 6% for RyR) and transferred electrophoretically. After blocking, the membranes were incubated overnight at 4°C with the goat anti-SERCA2 polyclonal antibody (1:400, Santa Cruz Biotechnology) and mouse anti-RyR2 monoclonal antibody (1:3,330, Affinity BioReagents). The second antibody was either anti-goat or anti-mouse antibody conjugated to horseradish peroxidase (1:2,000, Dako Cytomation) for 1 h at room temperature. The protein bands of SERCA and RyR were detected by the chemiluminescence method (ECL Western blot analysis detection; Amersham Biosciences). The band intensity was analyzed by NIH-developed ImageJ software.
Immunoprecipitation with anti-SERCA2 antibody. The immunoprecipitation was performed as described previously (1). Briefly, 1 mg protein extract was diluted in 500 l of lysis buffer. After preclearing with protein G agarose, the supernatant was mixed with 10 l of anti-SERCA2 and then incubated at 4°C for 4 h. Prewashed protein G (50 l) was added to the samples and further incubated for 1 h. For detecting the tyrosine nitration of SERCA, the immunocomplex was resuspended in Laemmli buffer containing mercaptoethanol. For detecting the S-glutathiolation of SERCA, the immunocomplex was resuspended in nonreducing loading buffer containing 5 mM Nethylmaleimide. The samples were separated by SDS-PAGE and transferred electrophoretically as described above. After blocking, the membrane was incubated overnight at 4°C with either anti-nitrotyrosine (1:1,000, Santa Cruz Biotechnology), anti-glutathione (1:1,000, ViroGen), or anti-SERCA (1:400, Santa Cruz Biotechnology) in blocking solution. The second antibody was either anti-rabbit or anti-mouse antibody conjugated to horseradish peroxidase for 1 h at room temperature, followed by detection using the chemiluminescence method. The band intensity was analyzed by NIH-developed ImageJ software. Drugs and chemicals. Collagenese (type 1), 2-deoxy-D-glucose, NaN 3, sodium dithionite, fura-2 AM, 2,3,5-triphenyltetrazolium chloride, EGTA, leupeptin, and PMSF were purchased from SigmaAldrich (St. Louis, MO). Ru-360, calmidazolium, cyclopiazonic acid, and ryanodine were purchased from Calbiochem. 45 CaCl2 was purchased from Amersham. Fidarestat and CP-470,711 were gifts from Sanwa Kagaku Kenkyusho and Pfizer Global Research and Development.
Statistical analysis. Data analysis was performed with a statistical software package (Prism version 5.0; GraphPad Software, San Diego, CA). All data are expressed as means Ϯ SD. Groups comparison were analyzed by one-way analysis of variance and t-test. A difference of P Ͻ 0.05 was considered significant.
RESULTS

Polyol pathway activities in acute hyperglycemic hearts.
There is a controversy on the type of perfusate used to study the effect of high glucose in isolated hearts. Since hearts utilize both glucose and fatty acid as sources of fuel, some studies used glucose plus palmitate (15, 58) and some used glucose alone (7, 31, 55) . We therefore compared both types of perfusion media in our study. We found that in both types of media, high glucose affected contractile function in a similar manner and that the effects of the AR and SDH inhibitors, GSH, and niacin in hearts perfused with either one of these media were similar (Table 1) . Since other reports studying the effect of polyol pathway on isolated rat hearts utilized only glucose in the perfusate (22, 23) , we decided to use the same medium to facilitate comparison of results.
To assess the polyol pathway activities in the rat hearts, the levels of sorbitol and fructose, enzymatic products of AR and SDH, respectively, were determined in hearts perfused in normal or high-glucose medium (Fig. 1 ). As expected, there was a significant increase in sorbitol and fructose levels in hearts perfused in high-glucose medium. Treatment with AR Fig. 1 . Changes in levels of sorbitol (A) and fructose (B) in hearts perfused with normal [N; control (Ctrl)] or high glucose (HG) medium. ARI, aldose reductase inhibitor; SDI, sorbitol dehydrogenase (SDH) inhibitor. Data are means Ϯ SD (n ϭ 6). *P Ͻ 0.05, ***P Ͻ 0.001, vs. corresponding groups.
Fig. 2. A: lactate-to-pyruvate (L/P) ratio indicating NADH-to-NAD
ϩ ratio in hearts perfused with normal (Ctrl), HG medium, HG ϩ ARI, HG ϩ SDI, and HG ϩ niacin. Data are means Ϯ SD (n ϭ 13). ***P Ͻ 0.001 vs. Ctrl group. B: effect of acute hyperglycemia on GSH level in normal, ARI-treated, and SDI-treated perfused rat hearts. Data are means Ϯ SD (n ϭ 9). **P Ͻ 0.01 vs. HG group; #P Ͻ 0.05 vs. SDI group. inhibitor (ARI) or SDH inhibitor (SDI) did not change the levels of sorbitol or fructose in hearts perfused with normal glucose medium, probably because of the modest amount of glucose channeled through the polyol pathway. In hearts perfused with high-glucose medium, ARI reduced sorbitol to basal level while treatment with SDI increased the level of sorbitol and decreased the level of fructose. These results indicate that the polyol pathway is active during hyperglycemia and that ARI and SDI were effective in inhibiting their target enzymes.
Inhibition of polyol pathway attenuated contractile dysfunction in high glucose-perfused rat hearts. As shown in Table 1 , hearts perfused with high-glucose medium exhibited significant decrease in ϪdP/dt max and marked elevation in LVEDP compared with those in control and mannitol-treated groups, suggesting that high glucose stiffened the myocardium in diastolic state, and the effect was not contributed to by osmotic stress. To determine the role of polyol pathway in high glucose-induced contractile dysfunction, we used AR inhibitor (zopolrestat) and SDH inhibitor (CP-470,711) to block the activity of AR and SDH, respectively. These two inhibitors have been extensively studied in previous reports (17, 19, 30, 44, 52) , with no unintended effect on myocardial function. This was also confirmed in our present study (data not shown). Inhibition of AR with 10 M fidarestat significantly attenuated the high glucose-induced reduction in ϪdP/dt max and elevation in LVEDP. A similar effect was also observed in hearts treated with 1 M SDH inhibitor CP-470,711. These results indicated that the polyol pathway contributed to high glucose-induced diastolic dysfunction. Treatment with niacin, a precursor for NAD ϩ , also normalized ϪdP/dt max and LVEDP, suggesting that high glucose-induced increased LVEDP was due to depletion of NAD ϩ as a consequence of increased SDH activity. Treatment with either GSH, or Tiron, a superoxide scavenger, also normalized ϪdP/dt max and LVEDP, indicating that the changes in ϪdP/dt max and LVEDP were contributed to by high glucose-induced oxidative stress.
Inhibition of polyol pathway attenuated lactate/pyruvate ratio and GSH level in high glucose-perfused hearts.
The effect of hyperglycemia on the redox state and superoxide production in left ventricular myocardium was examined. Cytosolic lactate/pyruvate ratio was used as surrogate assay for NADH/NAD ϩ ratio, a redox indicator (44) . We found that lactate/pyruvate ratio was increased in high glucose-perfused hearts ( Fig. 2A) , and attenuated by treatment with AR or SDH inhibitors, suggesting that activation of polyol pathway under hyperglycemia elevated NADH/NAD ϩ ratio. As expected, treatment with niacin, that replenishes NAD ϩ , lowered the lactate/pyruvate ratio ( Fig. 2A) . The level of GSH, the major cellular antioxidant, was reduced in high glucose-perfused myocardium (Fig. 2B) , and normalized in the presence of ARI. However, SDI had little effect on hyperglycemia-induced decrease in GSH level.
Inhibition of polyol pathway reduced the level of superoxide and peroxynitrite in high glucose-perfused hearts. Several studies showed that acute hyperglycemia induces oxidative stress in healthy subjects (36) , and large increases in superoxide were observed in hearts perfused with high glucose (7). We found that intracellular superoxide content was increased by 32% in high glucose-perfused myocardium (Fig. 3A) , and inhibition of AR or SDH attenuated such increase, suggesting that polyol pathway is a major contributor to hyperglycemiainduced elevation of cardiac superoxide production (Fig. 3A) . To determine whether increased NADH/NAD ϩ ratio contributed to oxidative stress, niacin was added to replenish NAD ϩ , but it had no effect on the superoxide level.
Formation of nitrotyrosine, reflecting the level of peroxynitrite, is an important oxidative stress marker. Immunohistochemical staining of the heart slices showed that the nitrotyrosine level was much higher in the high glucose-perfused hearts than that of the control group, indicating that acute hyperglycemia led to large increases in peroxynitrite. Inhibition of AR or SDH effectively reduced the level of nitrotyrosine (Fig. 3) , demonstrating that the polyol pathway contributed to the increased level of peroxynitrite. This observation further confirmed that the polyol pathway is an important contributor to oxidative stress in the acute hyperglycemic heart. Treatment with niacin did not significantly reduce the level of nitrotyrosine.
Inhibition release from the SR, mainly via RyR. Cardiomyocytes, after incubation in high-glucose medium for 2 h, showed no change in TP, suggesting that the activity of RyR was not affected by short exposure to high glucose (Fig. 4A) .
The decay of E[Ca 2ϩ ] i is mainly determined by Ca 2ϩ uptake to SR via SERCA, which is responsible for the removal of ϳ90% of Ca 2ϩ from the cytoplasm (4). We therefore measured the time to reduce 50% of the peak E[Ca 2ϩ ] i (t 50 ) as an indicator of SERCA activity. In control cells after 2 h incubation in high-glucose medium, t 50 was increased to 130%. Inhibition of AR or SDH significantly attenuated the prolongation of t 50 . Treatment with NAD ϩ also reduced t 50 to a similar extent (Fig. 4B) .
Inhibition of polyol pathway restored the activity of SERCA in high glucose-perfused hearts. To better understand how the polyol pathway contributes to high glucose-induced contractile abnormalities, we measured 45 Ca 2ϩ uptake in SR vesicles isolated from hearts perfused in high-glucose medium for 2 h. We found that 45 Ca 2ϩ uptake via SERCA in SR vesicles from high glucose-treated hearts was decreased from 27 nmol·mg Ϫ1 ·min Ϫ1 to 20 nmol·mg Ϫ1 ·min Ϫ1 , even though the level of SERCA protein was not changed. Inhibition of AR or SDH restored Ca 2ϩ uptake to the level of the control (Fig. 5, A and B) .
Interestingly, ryanodine-sensitive 45 Ca 2ϩ release rate, an indication of SR Ca 2ϩ release through the RyR, remained unchanged after 2 h of high-glucose perfusion. Consequently, inhibition of AR or SDH had no effect on ryanodine-sensitive 45 Ca 2ϩ release rate (Fig. 5A ). Similar to SERCA, the protein level of RyR protein was not altered in high glucose-perfused hearts (Fig. 5B) .
Inhibition of polyol pathway attenuated the tyrosine nitration of SERCA2 and maintained the S-glutathiolation of SERCA2 in high glucose-perfused rat hearts.
Previous studies have shown that SERCA2 is sensitive to oxidative stress, and its activity is inhibited by both ONOO Ϫ and nitrotyrosine formation (1, 2, 25, 56) . To determine whether SERCA2 had increased nitrotyrosine, SERCA2 protein was immunoprecipitated from heart extracts using anti-SERCA2 antibody and the level of nitrated SERCA2 was assessed by Western blot using anti-nitrotyrosine antibody (Fig. 6A) . The level of nitrotyrosine on SERCA2 was significantly increased in high glucose-perfused hearts, and inhibition of either AR or SDH attenuated tyrosine nitration of SERCA2, suggesting that blockade of the polyol pathway restored the activity of SERCA2 by attenuating tyrosine nitration of the protein.
Besides tyrosine nitration of SERCA, S-glutathiolation of SERCA also affects its activity (2) . As shown in Fig. 6B , the amount of GSH on the immunoprecipitated SERCA was significantly decreased in high glucose-perfused hearts, indicating that the level of GSS-SERCA was lowered in hearts subjected to acute hyperglycemia. Inhibition of either AR or SDH restored the level of S-glutathiolation, suggesting that restoration of SERCA activity in high glucose-perfused hearts was due to normalizing of S-glutathiolation of the protein. Inhibition of polyol pathway attenuated the oxidation of SERCA-cysteine-674 in high glucose-perfused rat hearts. Previous studies showed that a high level of peroxynitrite irreversibly oxidized cysteine-674 of SERCA to the sulfonic acid form, contributing to its inactivation (54, 62) . Using antibodies specific for SERCAC674-SO 3 H, we examined the role of the polyol pathway in high glucose-induced oxidative inactivation of SERCA. Compared with control, high glucose-perfused hearts showed a large increase in the staining of SERCAC674-SO 3 H, and the staining was substantially reduced in tissues treated with ARI or SDI (Fig. 7) , indicating that the polyol pathway is a major contributor to oxidative inactivation of SERCA under acute hyperglycemia.
DISCUSSION
Rat hearts perfused with high-glucose medium for 2 h exhibited marked decrease in ϪdP/dt max as well as elevated LVEDP. Such contractile abnormalities were significantly attenuated by the inhibition of AR or SDH, indicating that the polyol pathway is an important contributor to hyperglycemiainduced diastolic dysfunction. The impairment of contractile function suggested that cardiac Ca 2ϩ homeostasis was altered by short exposure to high glucose. High glucose-induced oxidative stress is likely to be the cause of the altered Ca 2ϩ signaling profile and diastolic dysfunction. As mentioned in the Introduction, the polyol pathway plays a key role in hyperglycemia-induced oxidative stress by contributing to the depletion of GSH and increased production of ROS. This is confirmed here by the observation that ARI restored the level of GSH and reduced the level of ROS, and SDI also attenuated the level of ROS in high glucose-perfused hearts.
To better understand the mechanism, intracellular Ca 2ϩ transients in cardiomyocytes were analyzed. Rat cardiomyocytes incubated in high-glucose medium for 2 h showed significant increase in the decay time of Ca 2ϩ transient, but no change was found in base to peak time, indicating that the rate of Ca 2ϩ reuptake was reduced while the rate of Ca 2ϩ release was normal. Treatment with ARI or SDI significantly attenuated the prolongation of the decay time of Ca 2ϩ transient, suggesting that the polyol pathway contributed to the hyperglycemia-induced impairment of Ca 2ϩ reuptake by SR, leading to diastolic dysfunction.
Since Ca 2ϩ uptake into SR via SERCA is responsible for the removal of ϳ90% of Ca 2ϩ from the cytoplasm (4), impairment of SERCA is the most likely cause of contractile dysfunction in hyperglycemic hearts. Indeed, we showed that SERCA activity from hearts with a brief 2-h exposure to high-glucose medium was significantly reduced. Consistent with the finding that the rate of Ca 2ϩ release from SR was not altered in hearts perfused with high-glucose medium, we found that RyR activity was not changed. Previous studies showed that NADH suppresses RyR activity via NADH oxidase tightly linked to RyR in SR (8) . Therefore one would expect that, during hyperglycemia, increased NADH due to increased polyol pathway activities would decrease RyR activity. On the other hand, RyR activity has been shown to be inhibited by high GSH/GSSH ratio, which keeps the hyperactive cysteine moieties of RyR in the reduced state (42) . During hyperglycemia, polyol pathway activities decrease GSH level and should therefore increase RyR activity. It is likely that increased NADH and decreased GSH from polyol pathway activities counteract each other's effect on RyR activity, leading to no change in RyR activity as we observed in the heart experiencing acute hyperglycemia.
Polyol pathway most likely impaired SERCA activity during acute hyperglycemia by increasing oxidative stress. We showed that the GSH level was reduced and the superoxide level elevated in hyperglycemic hearts, and these changes were significantly attenuated by the administration of ARI and SDI. GSH is required for glutathione peroxidase to remove ROS. Thus low level of GSH would lead to increased level of ROS. Furthermore, one of the major sources of ROS in cardiomyocytes is superoxide produced by the membrane-associated NADH ox- Fig. 6 . A: effect of acute hyperglycemia on the level of tyrosine nitration on SERCA in sham-operated (SH), ARI-treated, and SDI-treated hearts isolated from rats. For detection of nitrotyrosine in SERCA protein, an immunoprecipitate (IP) was obtained using anti-SERCA2 antibody and then immunoblotted (IB) with anti-SERCA2 antibody or anti-nitrotyrosine antibody. Data are means Ϯ SD (n ϭ 3). ***P Ͻ 0.001, **P Ͻ 0.01 vs. HG group. B: effect of acute hyperglycemia on the level of GSH on SERCA in SH, ARI-treated, and SDI-treated hearts isolated from rats. An IP was obtained using anti-SERCA2 antibody and then immunoblotted with anti-GSH antibody. Data are means Ϯ SD (n ϭ 3). *P Ͻ 0.05, **P Ͻ 0.01 vs. HG group; #P Ͻ 0.01 vs. SH group.
idase, an enzyme controlled by cytosolic NADH/NAD ϩ ratio and oxygen pressure (38) . In acute hyperglycemic hearts, the activation of the polyol pathway increases NADH/NAD ϩ ratio as the consequence of oxidation of sorbitol to fructose by SDH. The increased NADH stimulates NADH oxidase, which is in close proximity to SR, to generate ROS (3, 38) . Increased ROS inhibits SERCA by oxidizing the cysteine thiols, interfering with the ATP-binding site, making it unable to hydrolyze the ATP (60). This is supported by the observation that addition of NAD ϩ attenuated high glucoseinduced contractile dysfunction and Ca 2ϩ signaling. Previous studies showed that oxidative stress reduces SERCA activity by nitration of tyrosine (25, 56) and oxidative modification of cysteine-674 leading to reduced level of GSS-SERCA, the activated form of SERCA (1, 2) . We found that indeed high-glucose perfusion led to increased nitration of SERCA and increased level of SERCAC674-SO 3 H, suggesting that reduction of SERCA activity was due to high glucose-induced oxidative stress. Addition of either ARI or SDI to the high-glucose perfusate reduced the levels of nitrated SERCA and SERCAC674-SO 3 H and normalized SERCA activity, indicating that the polyol pathway is the major contributor to high glucose-induced oxidative stress, and the cause of high glucose-induced inactivation of SERCA. Phospholamban is an important regulator of SERCA activity. However, previous studies showed that, in cardiomyocytes incubated in high-glucose medium, slower rates of Ca 2ϩ transient decay was associated with decreased SERCA activity (11), but not associated with any change in the level of phospholamban expression or phosphorylation (13) .
Previous studies using an electrocardiogram showed that, in healthy human and rat models, acute hyperglycemia leads to QTc prolongation, which is probably contributed to by the increased intracellular calcium (10, 35) . Moreover, abnormal calcium homeostasis is common in diabetic patients (29) . Therefore, it was suggested that hyperglycemia increases production of oxygen free radicals that inhibit Ca 2ϩ -ATPase activity (36) . This increases cytosolic free calcium, leading to prolongation of myocardial repolarization time, or QT prolongation. However, in these studies, the mechanism of hyperglycemia-mediated free radical generation is not clear. Here we show that the polyol pathway is the major contributor to hyperglycemia-induced oxidative stress and that SERCA activity is impaired by oxidative stress, leading to contractile dysfunction. Fig. 7 . Effect of acute hyperglycemia on the level of SERCAC674-SO3H, inactivated SERCA in normal, ARI-treated, and SDI-treated hearts isolated from rats (n ϭ 3). Representative immunohistochemical staining was taken from normal (A), high glucose (B), ARI-treated (C), and SDI-treated (D) groups. Scale bar, 50 m. E: quantitative analysis of SERCAC674-SO3H staining in normal, ARI-treated, and SDI-treated hearts isolated from rats (n ϭ 3). Data are means Ϯ SD (n ϭ 3). ***P Ͻ 0.001 vs. HG group.
Previous studies showed that inhibition of AR normalized Na ϩ and Ca 2ϩ levels in ischemic-reperfused hearts by normalizing Na ϩ -K ϩ -ATPase activity (43) . It was postulated that during ischemic-reperfusion, polyol pathway activity increases NADH/NAD ϩ ratio, leading to the activation of protein kinase C and inhibition of Na ϩ -K ϩ -ATPase activity. Since NADH/ NAD ϩ ratio is also increased in high glucose-treated hearts because of polyol pathway activity, activation of protein kinase C and reduction of Na ϩ -K ϩ -ATPase activity might also be a potential contributory factor for the abnormal Ca 2ϩ signaling in the acute hyperglycemia hearts.
In conclusion, we demonstrated that polyol pathway activity contributed to the hyperglycemia-induced contractile dysfunction by increasing oxidative stress, leading to increased oxidative modifications of SERCA and its inactivation. Acute hyperglycemia in heart patients is currently being treated by administration of insulin, which needs to be carefully titrated. It would be interesting to see whether ARI treatment might provide a better outcome.
